Aims. The CMa R1 star-forming region contains several compact clusters as well as many young early-B stars. It is associated with a well-known bright rimmed nebula, the nature of which is unclear (fossil HII region or supernova remnant). To help elucidate the nature of the nebula, our goal was to reconstruct the star-formation history of the CMa R1 region, including the previously unknown older, fainter low-mass stellar population, using X-rays. Methods. We analyzed images obtained with the ROSAT satellite, covering ∼ 5 sq. deg. Complementary VRI photometry was performed with the Gemini South telescope. Colour-magnitude and colour-colour diagrams were used in conjunction with pre-main sequence evolutionary tracks to derive the masses and ages of the X-ray sources.
Introduction
CMa R1 is an association of bright stars and clusters distributed around and in the vicinity of the long (200') arc-shaped ionized reflection nebula Sh2-296 (Sharpless 1959: l=224.6 o , b=-2 o ), located at a distance d ∼ 1 kpc (Shevchenko et al. 1999 , Kaltcheva & Hilditch 2000 . In the absence of conspicuous exciting early-type stars inside the arc, the source of ionization is still being debated. The CMa R1 nebulae are found within the boundaries of the OB1 association, which approximately are: 222 o < l < 226 o and −3.4 o < b < +0.7 o (Ruprecht 1966) . Clariá (1974a,b) studied the space distribution of O and B stars, based on UBV photometry obtained for 247 stars. The estimated E(B-V) colour excess confirms the existence of a group of young OB stars together with excited gas and obscuring matter, which Send offprint requests to: J. Gregorio-Hetem Based in part on observations obtained at the Gemini Observatory, which is operated by the Association of Universities for Research in Astronomy, Inc., under a cooperative agreement with the NSF on behalf of the Gemini partnership: the National Science Foundation (United States), the Science and Technology Facilities Council (United Kingdom), the National Research Council (Canada), CONICYT (Chile), the Australian Research Council (Australia), Ministério da Ciência e Tecnologia (Brazil) and Ministerio de Ciencia, Tecnología e Innovación Productiva (Argentina) belong to the CMa OB1 association. Clariá used these data to derive an age of 3 Myr.
In the early years of the 'propagating star formation' models (Elmegreen & Lada 1977) , Herbst & Assousa (1977) suggested that the "CMa R1 ring" (Sh2-296) could be an old supernova remnant (SNR), which was inducing star formation in CMa R1. Indeed, linear polarization observations are consistent with a model of compression by a supernova shock (Vrba, Baierlein & Herbst 1987) . Alternatively, Reynolds & Ogden (1978) proposed that the nebula and star formation were induced by strong stellar winds, or by an evolving, 'fossil' HII region, as also suggested by Blitz (1980) and Pyatunina & Taraskin (1986) . However, because they are found to be in pressure equilibrium with the parent molecular cloud once they have opened a cavity (see the example of M17, Townsley et al. 2003 , or Orion, Güdel et al. 2008 , stellar winds cannot compress the surrounding medium and induce star formation. On the other hand, we now know many examples of HII "bubbles" apparently triggering star formation near their edges (e.g., Deharveng et al. 2008 , Zavagno et al. 2007 ), but these bubbles have well-defined exciting stars.
To this day, the nature of the Sh2-296 nebula remains a mystery, yet we see that star formation is going on in the vicinity of the nebula. The location of the Sh2-296 arc and of other visible sites of star formation, in particu-
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Fig. 1. Finding chart of the CMa OB1/R1 region. Far-infrared IRAS-ISIS contours superimposed on a 3 × 3 square degrees optical image extracted from the Digitized Sky Survey. The grey contours correspond to data obtained at 100 µm, tracing the dust component. The field-of-view of X-ray observations are indicated for: ROSAT (white lines); XMMNewton (blue) and Chandra (yellow). The large rectangular white box shows the area covered by the optical survey of OB stars by Shevchenko et al. (1999) , while the small square box including GU CMa corresponds to the area where Gemini observations of unresolved X-ray sources were carried out. Objects discussed in the text are labelled by their names. North is up and East is to the left. lar the associated nebulae Sh2-292 (IC2177) and , with respect to the cold dust distribution, are shown in Figure 1 , in the form of IRAS 100 µm contours, superimposed on a DSS optical (R) image. It is clear that the sites of star formation correspond to the largest dust column densities, mainly distributed along the edge of the arc.
The molecular gas around CMa R1 has also been studied in the course of millimeter surveys of the third galactic quadrant. The 12 CO(1 → 0) Columbia survey of May et al. (1988) , with a spatial resolution of 0.5 o , reveals the extent, down to low densities, of the molecular clouds in the CMa R1 region. Taking into account the relatively low spatial resolution of the survey, the 12 CO contours match the IRAS 100µm maps. The densest regions are outlined in the 13 CO(1 → 0) Nanten survey of Kim et al. (2004) , which has a better spatial resolution (8.8' spacing) . These regions are the "backbone" of molecular clouds, where the earliest stages of star formation can be found. Here they are not so well correlated with IRAS maps, but, as expected, underlie the other nebulae. These CO maps, with which we will compare the young stars distribution, give precious clues about the star formation history of the region. (See below, Sect. 6 and Fig.12 , for further discussion.)
Earlier works already contain evolutionary information about the stellar population in the CMa R1 region. A survey of early-type stars was done by Shevchenko et al. (1999) covering a 4 sq. deg. rectangular area that overlaps the Sh2-296 arc, revealing 88 members of the CMa R1 association (74 B stars, no O star) with ages between 8 and 0.5 Myr, apparently suggesting an extended period of star formation activity that is still ongoing. Shevchenko et al. (1999) also point out that two other bright B stars, GU CMa and FZ CMa, seem to be older than the association and may not have been formed in the same star formation episode. Other early B stars associated with Sh2-296 include Z CMa, a double system (Koresko et al. 1991 , Haas et al 1992 containing a FU Orionis object (Hartmann et al. 1989 ) and a Herbig Be star, with a common age of about 0.3 Myr (van den Ancker et al. 2004 ).
In addition, three embedded stellar clusters, NGC2327, BRC 27, and VdB-RN92, are found along the outer rim of Sh2-296, in the vicinity of Z CMa. These clusters were studied by Soares & Bica (2002 , 2003 , who used JHK data from 2MASS ("The Two Micron All Sky Survey", Skrutskie et al. 2006 ). Based on colour-magnitude diagrams, they estimated ages of 1.5 Myr (NGC2327 and BRC27) and 5-7 Myr (VdB-RN92), spanning the same age range as the sample of Shevchenko et al. (1999) .
We note, however, that such surveys, by construction, miss the most numerous, fainter low-mass (< 2M ) star population, which may have a different spatial distribution, as well as different ages. The most efficient method to find young stars including low-mass ones is to use X-rays, the lower-mass limit being only a question of sensitivity for a given instrument, i.e., of exposure time and distance to the star-forming region. The reasons are twofold: (i) young stars of all masses produce X-rays (except perhaps A stars, see, e.g., Stelzer et al. 2005) , independently of their circumstellar environment : massive stars via shocks in their winds, with a typical X-ray-to-bolometric luminosity ratio L X /L bol ∼ 10 −7 , low-mass stars via their magnetic activity, with L X /L bol ∼ 10 −5 − 10 −3 ; (ii) X-ray satellites have a wide field-of-view, covering up to several square degrees in one exposure. (For reviews, see Feigelson & Montmerle 1999 , Favata & Micela 2003 , Güdel 2004 By having access in this way to a much more complete census of the stellar population, down to low-mass stars, we will show in this paper how we can significantly improve our knowledge of the evolution of star formation in the area, both in time (from colour-colour diagrams) and in space (wide field-of-view of X-ray telescopes), and thus investigate whether Sh2-296, whatever its nature, may have triggered star formation in the CMa R1 region and its vicinity.
More precisely, in order to obtain a stellar sample covering as large a range of masses and ages as possible, we have analyzed archival X-ray data from the PSPC detector aboard the ROSAT satellite, because of its wide field of view (1 o radius, or an area of ∼ 3 sq. deg.). We will proceed along the following steps: (i) identify the X-ray sources, by comparison with data from optical and IR surveys, as well as from dedicated Gemini VRI observations; (ii) put the counterparts on appropriate colourmagnitude diagrams and deduce their evolutionary status (mass and age) using PMS evolution models; (iii) study the spatial distribution of the X-ray sources and relate it to the mass distribution in its vicinity. In future papers, we will 'zoom in' towards more restricted regions in the Z CMa region, using XMM-Newton/EPIC (circle of 15 radius) and Chandra/ACIS (square FOV, 17 × 17 ) .
Although we have used the XMM-Newton and Chandra source positions, when available, to validate the ROSAT positions in Field 2, we defer a more detailed analysis of these fields (source luminosities, spectra, etc.) to a future study (see a preliminary results by Rojas et al. 2005 ) for several reasons: (i) as shown in Fig.1 , the XMM-Newton and Chandra observations cover a much smaller area than the ROSAT fields; (ii) the 50 ksec XMM-Newton total exposure is heavily affected by solar flares, and thus requires a detailed treatment to recover as much information as possible; (iii) in contrast, the Chandra observations are much more sensitive (total exposure of 80 ksec in two observations) and thus contain many sources which ROSAT is unable to detect in Field 2: obviously this would distort the comparison between the two ROSAT fields.
This paper is therefore organized as follows. Sect. 2 describes archival ROSAT/PSPC observations of the CMa R1 region and the general characteristics of the X-ray data. Stellar identifications based on optical and near-IR counterparts searched in published catalogues are described in Sect. 3. The Gemini observations, which were obtained specifically to search for additional counterparts in the case of unresolved X-ray sources, and their analysis, are presented in Sect. 4. Ages and masses of the ROSAT sources are derived from colour-magnitude diagrams in Sect. 5.
The last section gives a summary of the results, followed by a discussion and conclusions. Appendix A gives details on the ROSAT data analysis, and Appendix B gives complementary results of the Gemini data analysis.
Search for young stars based on X-ray data
The power of X-ray observations to discover large samples of PMS stars has been illustrated in a variety of starforming regions. In particular, following up on pioneering ROSAT observations, intermediate to distant clouds have been covered by Chandra: the Orion nebula (Garmire et al. 2000; Feigelson et al. 2002 Feigelson et al. , 2003 Flaccomio et al. 2003) , part of the Rosette nebula and molecular cloud, together with M17 (Townsley et al. 2003; Wang et al. 2008 ); Mon R2 (Kohno et al. 2002) ; RCW38 (Wolk et al. 2002) ; M16 (Linsky et al. 2007) , and by XMM-Newton: M8 (Rauw et al. 2002) ; Carina (Albacete Colombo et al. 2003) ; Vela OB2 (Jeffries et al. 2009); Orion (López-Santiago & Caballero 2008) ; and others. Up to thousands of point X-ray sources per cloud are detected, almost all identified with young stars, down to the brown dwarf regime. More than 1600 Xray sources were detected in the Orion Nebula Cluster during an exceptionally deep survey (∼ 1 Msec), the "Chandra Orion Ultradeep Project" (COUP: Getman et al. 2005a Getman et al. , 2005b , and several hundred others have been found in the recent "XMM-Newton Extended Survey of Taurus" (XEST: Güdel et al. 2007) .
However, in spite of the much improved sensitivity and angular resolution of Chandra and XMM-Newton over Fig. 2 . ROSAT PSPC X-ray contours and fields-of-view superimposed on a digitized POSS(R) image of the CMa R1 region. Grey contours show the same IRAS-ISIS data at 100 µm as Fig.1 . The observations of Field 1 are indicated by yellow contours and of Field 2 by black contours. The white crosses indicate the association members identified in the optical survey by Shevchenko et al. (1999) , within the area outlined by a white rectangular box.
ROSAT, there are spatial limitations to these observations. To map a wide area (several square degrees), a mosaic is necessary: for instance, 5 Chandra fields for the Rosette nebula and associated molecular cloud (Wang et al. 2008) , 28 XMM-Newton fields to map the densest molecular clouds of Taurus (Güdel et al. 2007 ). In the case of Sh2-296, two overlapping archival ROSAT/PSPC fields exist (see Fig. 1 ), covering ∼ 5 sq. deg. in total, which we are analyzing in this paper. The present ROSAT work on CMa R1 is related to a similar study based on observations of two other giant molecular clouds, Monoceros and Rosette (Gregorio-Hetem et al. 1998) . The ROSAT images provided the identification and characterization of several dozen sources,making up the bright end of the low-to intermediate-mass young star distribution in the associated clusters. In particular, a useful correlation is found between the intrinsic X-ray luminosity of the sources and their optical and near-IR magnitudes. This correlation was similar to the one found previously by Feigelson et al. (1993) and Casanova et al. (1995) from ROSAT studies of the nearby Chamaeleon I and ρ Ophiuchi clouds, respectively, suggesting a general validity which we will use in the present paper.
The main interest in this correlation is that it is weakly dependent on extinction, which is essential for the study of young stars, because of the comparable absorption crosssections in the near-IR and keV ranges (Ryter 1996) .
The two ROSAT observations we analyze are the following. By order of increasing RA, the first field ("Field 1" hereafter), HEASARC ID RP201011 (PI J. o 33 , has a much shorter exposure of 4.6 ksec, and has been partially published as part of a survey of Herbig AeBe stars, here Z CMa (Zinnecker & Preibisch 1994 ). In such exposures, the number of X-ray counts per source is in general too small to allow deriving a spectrum, or even a good hardness ratio. Therefore, the intrinsic X-ray luminosity of the sources, known to be PMS stars in this case, is based on the count rate, assuming an average plasma temperature (here kT X ∼ 1 keV), and is corrected for extinction using the column density given by N H = 2.1×10 21 A V cm −2 (e.g., Vuong et al. 2003) , A V being determined by independent methods (see below). A typical value of the approximate X-ray luminosityL X for A V ∼ 1 is based on the ROSAT count-to-flux ratio 1 ct ksec −1 = 9×10 −15 erg s −1 cm −2 (see details in Appendix A). The corresponding lower limits to the stellar X-ray luminosities areL X,min ∼ 6 × 10 29 erg s −1
for Field 1, andL X,min ∼ 1 × 10 30 erg s −1 for Field 2. Figure 2 is a composite image of Fields 1 and 2, superimposed on a digitized POSS(R) image. The analysis of Field 1 (west of Sh2-296; exposure ∼ 20 ksec) reveals 61 Xray sources, the majority of them (47) located in the more sensitive central part of the ROSAT field. Field 2 (overlapping Sh2-296; exposure ∼ 5 ksec) contains 37 more sources, which appear much more concentrated in the central region; the outer regions are probably not sufficiently exposed to reveal additional sources. The clustering of Field 2 sources does appear in Field 1, in the form of an extended area of emission, but, being close to the edge of the PSPC FOV, the sources are not resolved individually and thus are not included in the list of Field 1 sources. In contrast, these sources are resolved in Field 2. Five sources are detected in the overlapping area between the two fields. In total, 98 ROSAT sources were detected in these fields. Table A.1 lists 56 distinct sources belonging to Field 1, and 37 belonging to Field 2, and 5 more being detected in both fields. Most of the sources have at least one optical counterpart. Based on their count rates and the estimate of their bolometric luminosities (see next section), we find log(L X /L bol ) lying in the -6 to -4 range, typical of low-mass young stars.
What is equally remarkable is the absence of sources in some areas. In Field 2, the near-absence of sources elsewhere than in the most sensitive central PSPC ring is very likely an observational bias resulting from the short exposure: except perhaps for the brightest, several of the sources visible in Field 1 would not be detected in Field 2 (detection limit: logL X = 30). In contrast, in Field 1 the absence of sources outside the detected X-ray clustering is very significant. In particular, in the overlapping area between Field 1 and the survey area of Shevchenko et al. (1999) (see Fig.  2 ), no star is detected North and South of GU CMa (α ≈ 7h02m). It is therefore clear that the clustering of X-ray sources visible in Field 1 corresponds to a physical cluster, spatially distinct from the B stars identified by Shevchenko et al. (1999) . GU CMa certainly belongs to this new cluster, and it is probable that FZ CMa does too, confirming the suspicion of Shevchenko et al. (1999) that these stars may have originated in a different star formation episode. We will address this question in detail in the next sections, adopting the name "GU CMa" for the new cluster.
Appendix A describes the X-ray observations and Table  A1 lists the 98 sources detected in the ROSAT fields, which we name CMaX-(number) for convenience. Two methods were adopted to look for counterparts of the CMaX sources: (i) using available catalogues (described in Sect. 3), and (ii) in case no counterpart was found, using photometric data from follow-up Gemini observations (see Sect. 4). 
Stellar identifications
From the available images and catalogues listed below, we found at least one optical and/or infrared counterpart for 91% of the ROSAT sources, 13 of them having known spectral types; the most massive are five B2-3 type stars. Nine X-ray sources coincide with the emission line stars surveyed by Clariá (1974 ) and/or Schevchenko el al. (1999 ; their identifications from these catalogues are denoted by "C" and "S" respectively in Table A1 . We note that Z CMa, FZ CMa and GU CMa are detected respectively as CMaX-63, -57, and -48. In addition, nine ROSAT sources coincide with the Soares & Bica clusters: two in BRC27 (CMaX-74, -75), three in NGC2327 , and four in vdB-RN92 . These identifications are also noted in Table A1 .
Optical counterparts for the CMaX sources of Field 1 were first identified on a POSS(R) plate kindly digitized for us by the MAMA 1 device. However the corresponding MAMA data are not available for Field 2, so for consistency we use the USNO Catalogue for the identification Fig. 4 . X-ray sources (green contours) and observed Gemini fields (blue squares, labelled by the corresponding CMaX numbers), superimposed on the POSS(R) image. The X-ray contours were extracted from the ROSAT image using a block bin factor of 30 (see Sect. 4.4), smoothed using a Gaussian PSF with σ = 2 pixels. and R magnitudes of the optical counterparts in both fields. The 2MASS catalogue was also used to obtain the IR photometry of the stellar counterparts in the JHK bands. The adopted positional accuracy of the optical counterparts is based on the brightest star located inside the ROSAT error circle. Table A1 gives these errors, which are less than 10 arcsec for sources in the central areas, and 30 arcsec at the edge of the fields.
We have also used the XMM-Newton and Chandra data, when available, to check the consistency of the positional accuracy of the optical counterparts to the CMaX sources located in the center area of Field 2, which corresponds to the best ROSAT resolution. Fourteen CMaX sources (listed in Table A3 ) have been detected by XMM-Newton and Chandra in this area, confirming the identifications based on ROSAT positions. Figure 3 shows the J-H vs. H-K diagram obtained for the near-IR counterparts. This diagram indicates that most CMaX sources do not suffer high extinction. Those above the main sequence are located in the direction of the reddening lines, allowing a reliable extinction correction. As explained below (Sect. 4.3), the reddening was estimated from the visual extinction derived from star counts, and checked using two control regions containing field stars. However, four objects present a real H-K excess (appearing to the right side of the dashed line in Fig. 3 ), which is an indicator of the presence of circumstellar matter. Among them, we find the well-known Herbig star Z CMa, which has H-K ∼ 1.5 mag. There are also some of the X-ray fields for which we could not find any counterpart. In that case, the position of the X-ray centroid is indicated between parentheses in Table A1 . Since these sources have X-ray luminosities in the range log(L X ) ∼ 29.4-30.4, one would expect a counterpart brighter than R ∼ 16, based on the abovementioned (L X ,M R ) correlation holding for young low-mass stars (further discussed in Sect. 4.4). In a search for counterparts fainter than the POSS(R) plate or USNO limit (R ∼19 mag), we have obtained deeper observations in the V, R and I bands with the Gemini South telescope. Combining them with the 2MASS catalogue, we obtain altogether VRIJHK photometry for the detected counterparts. The search for these additional, faint counterparts to the unresolved ROSAT sources, which we name the "Gemini candidates", is discussed in the next Section. . Difference between our calibrated and catalogue magnitudes as a function of catalogue magnitude for objects in our Gemini fields. From top to bottom, the panels give the V, R, and I measurements.
Search for faint counterparts

Gemini VRI images and optical magnitudes
Five fields were observed with Gemini, searching for optical counterparts to X-ray contours for which the centre is "empty".
Their positions, all within the ROSAT Field 1, are shown in Figure 4 . We use the correlations between X-ray luminosities and absolute magnitudes (log(L X ) vs. M R and log(L X ) vs. M J ), obtained for young low-mass stars and displayed in Figs. A1 and A2. These correlations show 1σ deviations of 1.4 mag in R band and 1.2 mag in J. We estimated the expected apparent R and J magnitudes of these counterparts, using a distance modulus of 10 mag, with the result that these magnitudes are well above the POSS(R) and 2MASS limits. Yet the counterparts to such bright Xray sources do not have corresponding optical magnitudes: CMaX15, for example, should be associated with an object having R=(13.2 ± 1.4) mag, but the brightest object within the X-ray contours has R=17.1. These numbers are consistent with the published USNO accuracy (σ = ±0.3 mag). The L X /M R ratio in this case is 3.9 orders of magnitude higher than the average value observed in T Tauri stars, i.e., 2.8σ R away from the correlation. This fact motivated us to search for multiple faint counterparts that could correspond to unresolved X-ray emitters. Table 1 gives coordinates of the centroid of the target ROSAT sources, their X-ray properties, and their expected R and J apparent magnitudes. It also gives the number of candidate counterparts for each field, as explained in Sect. 4.2, and their extinction, detailed in Sec. 4.3.
The observations were done with the Acquisition Camera at the 8.1m Gemini South telescope, which provides ∼ 2' x 2' images with a resolution of 0.12 arcsec/pixel. We used the V (λ c =540nm), R (λ c =640nm) and I (λ c =790nm) filters, with total exposure times of 360 s for the V images, and 300 s for R and I. The fields containing sources CMaX-15, 37, and 55 were observed in 2001, October (Program ID: GS-2001B-Q41), while CMaX-17 and 42 were observed in 2003, February (Program ID:GS-2003A-Q06). This last run had weather conditions better than those of the first run. The usual data reduction has been made using bias, flat-field, and dark corrected images provided by the Gemini Observatory.
The photometric calibration of the images was performed using common objects in the USNO B1.0 catalogue (Monet et al. 2003) for the I filter and in the NOMAD catalogue (http://www.navy.mil/nomad.html) for the V and R filters. The number of objects used in the calibration is typically 20 in R and I, and 5 in V. The brighter objects, which are saturated in the Gemini images, have not been used in the calibration procedure. We have transformed the USNO R magnitude into the Landolt system using the expression given by Kidger (2003) . No colour correction was applied. Figure 5 shows a comparison between the magnitudes in the NOMAD and USNO catalogues and those obtained using our calibration (Monet et al. 2003) . We have measured the magnitudes of over a hundred stars in each field. The RMSs of these differences are: 0.26 (V), 0.44 (R) and 0.35 (I). These numbers are consistent with the published USNO accuracy (±0.3 mag).
Finding Candidate Counterparts
The nominal angular resolution of the standard ROSAT image shown in Figure 2 is 30 arcsec/pixel. To bring out spatial details in X-rays, we extracted images having an enhanced resolution (5 arcsec/pixel) for each of the Gemini fields, by adopting a blocking factor of 10. In this way we can map X-ray contours, including sub-structures, in order to look for unresolved optical candidates that may contribute to the X-ray emission.
The resulting X-ray maps, superimposed on the Gemini I-band images, are given in Figure 6 (as examples) and in Appendix B (for completeness). Two sources, CMaX-17 and CMaX-55, can be broken down into distinct substructures, for which the count rate was then integrated within the X-ray contours, using the same count-to-flux ratio as used for the original sources themselves (see above, Sect. 2). We name them CMaX-17S (South) and 17N (North), and similarly CMaX-55S and 55N. For three other sources, CMaX-15, CMaX-37, and CMaX-42, no substructure is statistically significant. Figure 6 illustrates two different cases, CMaX-15 and CMaX-17(N+S). Comparing the X-ray contours and the spatial distribution of the stars, we find that many (up to 30) relatively bright objects fall within the X-ray contours, indicating that one or more of these objects contributes to the X-ray emission. Conservatively, we first consider them all as candidate counterparts to the unresolved ROSAT sources. Other objects are also visible on the optical image, but they are fainter and no reliable Gemini photometry could be obtained for them. Therefore, we restrict our analysis to objects brighter than R = 21 mag.
To further characterize candidate counterparts, we searched for near-IR sources within the Gemini fields using the 2MASS catalogue. These sources are shown by crosses in Figure 6 , while the relevant optical-near-IR identifications (i.e., within the X-ray contours) are indicated by open squares. More than half of the visible objects within the Xray contours are too faint to appear in the 2MASS catalogue (limiting magnitude J = 17). As a consequence, as shown Columns description: (1) CMaX number; (2,3) coordinates: (4) diameter of the position error circle; (5,6) count rate and respective signal-to-noise ratio; (7) X-ray luminosity; (8, 9) Statistically expected near-IR and optical magnitudes calculated by adopting the correlation logL X /absolute magnitude found for young stars (see Sect. 4.4); (10, 11) Number of possible optical counterparts within the X-ray contours, and number of corresponding objects found in the 2MASS catalogue; (12) adopted visual extinction based on a standard reddening law. Notes: (a) The estimated errors are σ J = 1.2 mag. and σ R = 1.4 mag.; (b) (less than 50% of the candidates have near-IR counterpart).
in Table 1 , only a fraction ( ∼ 46%) of the candidates have VRIJHK data (6 of 12 for CMaX-15, 9 of 16 for CMaX-17, etc.). We now have a first list of optical candidates selected on the basis of position (within the X-ray contours) and brightness (R < 21). But this list may still include foreground and background objects, and we have to find their intrinsic colours (using VRI photometry from Gemini, and JHK photometry from 2MASS when available), to establish their young-star nature, and to do so we must now consider interstellar extinction and IR excess (possibly indicative of circumstellar disks).
Interstellar reddening
The large-scale extinction models of Amôres & Lépine (2005) , which are based on gas (HI and CO) and dust (IRAS) column densities, have a ∼ 0.5 o spatial resolution. They give A V = 0.4 mag for the foreground extinction in the direction of CMa R1. This is however a lower limit on a smaller spatial scale, since the presence of CMa cloud must be also taken in account. We have thus estimated the extinction towards the ROSAT sources using star counts.
First we used the digitized POSS(R) image of the entire ROSAT field with a resolution of 2.5 (Sect. 3). More accurate estimates were kindly provided by Cambrésy (2002, private communication) , who obtained an extinction map of the CMa R1 region based on source counts in the J band, from the near-IR DENIS Catalogue. This method is the same as that used for the North America and Pelican nebulae (Cambrésy et al. 2002) .
Aiming to obtain the extinction in both optical (VRI) and near-IR (JHK) bands, the conversion of A λ /A V was done by adopting the reddening law from Cardelli et al. (1989) and the reddening-to-selective extinction ratio R V = 4, which Terranegra et al. (1994) estimate in the direction of CMa R1. Last column of Table 1 gives the adopted visual extinctions and deviations of these values, measured in each Gemini field.
In order to check whether the magnitudes were correctly de-reddened, field stars were selected in two control regions. A first region considers stars in a local area (1.5 radius around the X-ray source centroid), indicated by crosses in Figure 6 (excluding the candidates). The colours of the stars in this area were corrected by using the same extinction as adopted for the candidates. The other region is located around α (J2000) ∼ 07 h , δ (J2000) ∼ -10 o (upper right-hand corner of Fig. 1) , which is beyond the lowest IRAS contour and thus is free of cloud contamination. In this case, the stars were de-reddened by using the foreground extinction A J =0.12 mag (equivalent to the value A V = 0.4 mentioned previously from Amôres & Lépine (2005)). (Bessell et al. 1998 ) are also plotted. The comparison with field stars of the control regions indicates that the extinction corrections given in the last column of Table 1 , can be applied to the optical magnitudes of the Gemini candidates.
Confirmed Candidates
The intrinsic colours of the Gemini candidates were then analyzed for two different purposes : (i) near-IR colourcolour diagrams, looking for H-K excesses; (ii) optical colour-magnitude diagrams, to confirm their young star nature and determine their masses and ages.
It can be noted in Fig. 7 and Fig. B2 (Appendix B) that three counterparts in Gemini fields show H-K excess. Even considering deviations on the corrections for extinction, the H-K excess is still high for these objects. This indicates the presence of circumstellar matter, as suggested for other four objects in Fields 1 and 2 (Sect. 3). The relevant sources are indicated by an asterisk in Table A1 .
The discussion of the optical characteristics of the counterparts in Gemini fields is based on the colour-magnitude diagram, using the R and I bands, and a distance modulus of 10 mag. Figure 8 displays the absolute red magnitude (M Ro ) as a function of (R − I) o (both corrected for extinction), compared to the theoretical models calculated for the ZAMS, 10 Myr, 1 Myr, and 0.1 Myr, in the mass range from 0.1 to 7 M (Siess et al. 2000).
Optical colours (Figure 8 ) and near-IR colours ( Figure  7) were both used to select the counterparts, based on colour excess. Therefore the objects having colours similar to the field stars (located in the left side of the ZAMS) were disregarded, while the objects showing (H-K) or (R-I) excess (appearing above the ZAMS) were kept as counterparts. Adding this constraint, we can establish a final list of confirmed young star counterparts, which is given in Table  2 . Among the selected counterparts, CMaX42-1 is the only one that is not associated to a near-IR source. In order to have a homogeneous sample of objects, we decided to exclude this object of the overall analysis. This exclusion does not affect our results, since it is the faintest counterpart of CMaX42, giving a small contribution to the total X-ray luminosity, as explained below.
The unresolved ROSAT sources in Field 1 are thus found to have up to two or four plausible counterparts each. There are two extreme possibilities: (i) all the counterparts contribute more or less equally to the X-ray luminosity, or (ii) only one dominates the X-ray emission.
To do so, we compare the values of L X of the original ROSAT sources, with the "integrated" J and R magnitudes of the confirmed counterparts, obtained by summing the individual J and R luminosities (derived from the individual J and R magnitudes), and converting back the result into magnitudes. For a given CMaX source, we list in Table 2 the two extreme magnitudes (mentioned above): the "integrated" magnitudes R int and J int , and the individual magnitudes of the brightest candidate.
In Appendix A we compare the integrated magnitudes to the X-ray luminosity. More precisely, we show in Figures  A1 and A2 a diagram of L X versus M Ro and M Jo . The Gemini "integrated" candidates are found to lie on the high side, within ∼ 2σ of the nominal correlation. This suggests that the X-rays are dominated by a small number of candidates (which would diminish the absolute magnitudes for a given X-ray luminosity). But since the evidence is not clearcut, we will conservatively assume that the X-ray emission is spread among the candidates, in other words that all the candidates listed in Table 2 (excepting CMaX42-1) are X-ray emitting young stars, to be added to the list of the resolved CMaX sources.
Stellar masses and ages
The stellar masses and ages of the resolved CMaX sources (Table A1) , and of the faint Gemini counterparts for the unresolved sources, were derived from different colourmagnitudes diagrams, and compared with the pre-main sequence evolutionary models of Siess et al. (2000) . For the CMaX sources we used the near-IR M J vs. J-H diagram (Fig.9) . For the Gemini candidates we used the M R vs. R-I diagrams ( Fig. 8 and Fig. B3 ), since magnitudes are too faint, making a comparison difficult with the isochrones in the near-IR colour-magnitude diagram. Only near-IR From Figure 9 , we find that 18 resolved CMaX sources are located "outside" the isochrones (adopting error bars of ±0.3 mag in J-H), so we could determine masses and ages only for 40 of them in Field 1, and for 31 in Field 2. The error bars of J-H color indicate that errors of 30% to 50% can be expected for age and mass. For this reason, to estimate these parameters we decided to adopt ranges (or bins) defined by the isochrones separation (5 -10 Myr, for example), instead of nominal values (7.5±2.5 Myr, for example). These determinations are listed in Table A1 , except for sources marked with "??". Among the 18 objects with undetermined age and mass, 14 are located to the right side of the 0.1 Myr isochrone: this is probably due to the presence of circumstellar matter typical of YSOs. On the other hand, four objects located to the left side of the isochrones are probably not the right counterparts of the CMaX sources. Indeed, other faint objects are found within 30" of the center of the corresponding X-ray contours, but the lack of photometry for these four objects does not affect the age and mass distribution of CMaX sources.
Considering that counterparts identified in the Gemini fields have M J >5 mag., most of them appear outside of We have compared our results with the cluster ages estimated by Soares & Bica (2002 , 2003 ; see above, Sect. 1 and 3). Soares & Bica (2002) give an age of ∼ 1.5Myr for NGC2327 and BRC 27. Five resolved CMaX sources belong to these clusters, for which we have obtained similar ages. For the older cluster VdB-RN92 (5-7Myr, Soares & Bica 2003) we have identified four other CMaX sources, but only one of them (CMaX-68) has compatible age, while the others seem to be massive stars for which the age determination is uncertain. Figure 10 presents the results, in the form of two panels, showing the broad distributions of ages and masses for all the CMaX sources in Field 1 and Field 2 respectively. The percentage of sources for the each bin was obtained by dividing the number of objects in the bin by the total number of sources in each field.
As concerns the Gemini candidates, two possibilities are explored in the histograms (for Field 1; see Table 2 ), considering: (i) only the 40 counterparts of resolved CMaX sources (indicated by full lines in Fig. 10); (ii) the brightest Gemini stars as counterparts to unresolved CMaX sources, leading to 40 + 5 objects (dashed lines in Fig. 10 ). Note that objects outside the isochrones of Figure 9 have not been included in the distributions of ages and masses.
We comment on these results in the next section. Notes:(a) Magnitudes adopted from the NOMAD and/or USNO catalogues, when the estimation from Gemini images are unavailable, due to saturation; (b) counterparts selected according to the R-I excess; (c) counterparts having H-K excess; (d) The 2MASS Catalogue was used to obtain the JHK magnitudes, for which error bars are provided. (e) Rint and Jint represent the "integrated" magnitudes (see Sect. 4.2), which are shown together with the brightest object of each group. 
Conclusions
Summary of results
One way to elucidate the nature of the ionized "CMa R1 ring" or "Arc" (Sh2-296) is to investigate the stellar population in its vicinity, more precisely to reconstruct the star formation history of the region. Until the present work, only the bright-star end of the population (from early B stars to F and K giants), i.e., the high-mass/young population, was surveyed. In the present paper, we used the most powerful tool to find the low-mass, older late-type population, namely their X-ray emission resulting from magnetic activity. To this end, we analyzed or reanalyzed archival ROSAT data.
Two overlapping PSPC fields exist, which cover a wide area, over nearly 5 sq. deg., i.e., the equivalent of a mosaic of 20 XMM-Newton fields, or 80 Chandra fields. The price to pay, however, compared to these satellites, is a relatively modest sensitivity, especially in one of the two fields which has a short exposure. More precisely, we find that our ROSAT survey is limited to M ∼ 0.5M , as opposed to the usual limit of M ∼ 0.1M easily reached for typical XMM-Newton or Chandra observations of star-forming regions.
The two ROSAT fields (see Fig.1 and Fig.2 ), labelled by order of increasing Right Ascension, are "Field 1", west of the CMa ring (20 ksec exposure), and "Field 2", centred on the Herbig star Z CMa and overlapping most of the ring but with a short exposure (5 ksec). Fifty-six sources are detected in Field 1, and 37 in Field 2, 5 more being detected in the overlap area between Field 1 and Field 2. Note that, since the exposure is 4 times shorter in Field 2 than in Field 1, the expected number of sources, if similar in nature, would be 2 times less, i.e., 28: therefore, X-ray sources seem more numerous in Field 2 relative to Field 1, although the difference is marginally within Poissonian errors. In all, ∼ 100 sources are detected.
To identify the ROSAT sources, we searched catalogues (USNO and 2MASS), and digitized plates (POSS(R)), in order to characterize them via their colours. Not too surprisingly, most of the X-ray sources have no known counterpart, and we used our own photometry from the POSS(R) plate (Field 1), or USNO magnitudes when unavailable (Field 2), supplemented by 2MASS data. For five sources having no counterpart inside the position error circle, we observed the corresponding fields with Gemini South to find possible fainter counterparts and determine their VRI magnitudes. The spatial distribution of the sources suggests the existence of two distinct X-ray clusters. One is visible in Field 2, closely associated with Z CMa and the CMa ring, that includes previously known optical clusters studied by Soares & Bica (2002 , 2003 , and which we will name globally the "Z CMa cluster" hereafter; and a new one, discovered in Field 1, west of the CMa ring, which includes the bright star GU CMa (B2V), spatially distinct from the previous one. We name this newly discovered cluster the "GU CMa cluster".
The presence of circumstellar matter is suggested for 7 counterparts that show H-K excess. This excess does not affect the estimation of stellar parameters such as mass and age, which were derived from M Jo vs.
Three figures summarize our X-ray source characterization. Figure 9 shows a colour-magnitude diagram for our sample, and PMS evolutionary tracks (Siess et al. 2000) . This yields mass and age estimates for the sources, which are summarized in broad bins in Figure 10 for the two clusters separately: masses < 1, 1 − 2, > 2M , ages < 5, 5 − 10, > 10 Myr. Figure 11 locates the position of the ROSAT sources with respect to the molecular gas of the region, traced by 12 CO, and 13 CO for the densest regions, compared to the visual extinction map from Dobashi et al. (2005) .
Discussion
Although the error bars on masses and ages are large (∼ 30%), Fig.10 shows significant similarities and differences between the Z CMa and GU CMa clusters.
(i) The mass functions above 1M are similar, with a maximum in the 1 − 2M range. Below 1M , however, our sample is incomplete, essentially because it misses the Xray faint, low-mass stars. This is exemplified by the Gemini sources in the GU CMa cluster: they are mostly detected as groups, and thus tend to fill the < 1M mass bin. For both clusters, this mass bin should therefore be considered only as indicative of the low-mass, faint population.
(ii) The age distribution is more significant. The GU CMa cluster appears older than the Z CMa cluster: 35-38% of the GU CMa members (depending on whether or not the Gemini sources are taken into account) are older than 10 Myr, whereas nearly 70% of the Z CMa cluster stars are younger than 5 Myr. (Conversely, ∼ 45% of the GU CMa members are younger than 5 Myr, and 13% of the Z CMa members are older than 10 Myr: we will return to this point below). In both clusters, the intermediate-age population is similar (∼ 17% between 5 and 10 Myr).
(iii) The most important difference is the space distribution of the X-ray sources, compared with the gas ( 13 CO: Kim et al. 2004;  12 CO, May et al. 1988 ) and dust (Dobashi et al. 2005 ) distributions (Figure 11 ; see also Figures 1 and  2) . The Z CMa cluster X-ray sources are extremely well correlated with the CMa ring and 13 CO emission from dense gas, consistent with the high fraction of these sources being very young. This demonstrates that an active star formation episode is currently going on, likely induced by the ring, especially if the X-ray source number excess in Field 2 over Field 1 noted above is real. This qualitatively confirms previous optical and IR studies, but adds several tens of young low-mass stars to the existing census. In contrast, the GU CMa cluster is located in a "vacuum", comparatively far from the dense 13 CO gas, just at the limit of the lower-density 12 CO gas. This is also consistent with the older age of this cluster.
We thus have now evidence for two distinct episodes of star formation, as previously suspected by Schevchenko et al. (1999) for a couple of bright stars (GU CMa and FZ CMa): star formation in the Z CMa region is currently going on, fueled by dense molecular material at the edge of the CMa ring, but, in the absence of such material, must have ceased several Myr ago in the GU CMa cluster.
Yet this evidence is not clearcut: why is there a significant fraction (16%) of old stars in the Z CMa region (a previously known result, as recalled in the Introduction, which we confirm and extend on the basis of lower-mass stars)? And conversely, why is there a significant fraction of young stars (44%) in the GU CMa cluster? A possible answer is a mixing, due to stellar proper motions, of the two clusters: at a distance of ∼ 1 kpc, the centroids of the two clusters would be ∼ 17 pc apart (∼ 1 o on the sky). Mixing could start to be visible if the stars had a proper motion of order a few km s −1 , which is reasonable, provided the centroids themselves would not have moved significantly. The main objection against such an interpretation is the lack of a "well-mixed" population between the two clusters, which appear spatially very distinct. However, there may be some extinction effect: the "intercluster" region is within a lowdensity, but extended region visible in 12 CO (Figure 11 ) and in the IRAS data (Figure 1) , possibly yielding column densities high enough to hide faint X-ray sources. More sensitive X-ray observations would be needed to clarify this point.
A related question is that of the connection between the newly discovered GU CMa cluster, and the surrounding molecular clouds. Figure 11 shows that the GU CMa cluster lies in a cavity, roughly symmetrical (with respect to 13 CO contours) to the cavity associated with the CMa ring. This could suggest that the GU CMa cluster cavity has been excavated by stellar winds and/or supernovae from the now defunct high-mass end of the cluster stars. No diffuse Xray emission is visible in our ROSAT PSPC data, but this is not too surprising in view of the sensitivity required to detect this emission (see the example of Orion with XMMNewton, Güdel et al. 2008) . Some diffuse X-ray emission does appear to exist in this region in the 3/4 keV ROSAT diffuse background (Snowden et al. 1997 ), but it is on a large scale and not directly related to the CMaX region in particular. An interesting test of the stellar wind excavation hypothesis would be to obtain a census of circumstellar disks (in the near-IR range) around the youngest stars of the cluster (i.e., with ages < 5 Myr and noted by triangles in Figure 11 ), which, under normal conditions should have still retained their original disk (e.g., Dahm & Hillenbrand 2007) . Indeed, stellar winds in OB associations are known to be able to quickly blow away disks, as is the case, for instance, in the Sco-Cen association (Preibisch & Zinnecker 1999) . Along these lines, we note that this hypothesis is indeed consistent with the very small number of sources with near-IR excess in the GU CMa cluster.
Concluding remarks
By analyzing archival ROSAT data, which give access to the previously unknown low-mass (M ∼ 0.5M ), old stellar population, we have shown in this paper that star formation in the CMa R1 region has been going on for more than 10 Myr, but in two separate episodes, each giving rise to a distinct cluster. The older one, which we name the "GU CMa" cluster, has been discovered only by way of X-ray observations, supplemented by our photometric characterization of the X-ray sources. Given its location far from dense molecular material, it is clear that star formation has now ceased in this cluster. The existence of a younger cluster, which is observed around the Herbig star Z CMa, has been known for some time as a result of previous surveys, but our X-ray observations add several tens of low-mass stars to the existing census. A puzzling question remains, which is the presence in both clusters of a small, but significant fraction of young (< 5 Myr) and older (> 10 Myr) stars. Spatial mixing between the two clusters is a possibility, but more sensitive X-ray observations would be needed (to lower the mass limit and/or overcome the extinction) to clarify this point.
At any rate, there does not seem to be any connection between the GU CMa cluster and the CMa ring. The star formation episode that gave rise to GU CMa and its cluster likely predates the ring, perhaps by as much as a few Myr. Only the clusters in the Z CMa region appear related to the ring. It is entirely possible that other older clusters like the GU CMa cluster exist in the region, in particular inside the ring, east of Z CMa. As demonstrated with the discovery of the GU CMa cluster, observations with wide-field Xray telescopes like ROSAT are very powerful to detect such clusters, but unfortunately that era is over, and even with a moderate field-of-view like the EPIC camera aboard XMMNewton, a mosaic of many fields is required to map large areas. Until this is done, the origin of the CMa ring will likely remain an unsolved problem. and distance are respectively A V =1 mag, kT X =1 keV, and d ∼ 1 kpc for all the sources. A similar procedure was adopted to obtainL X for the sources detected in the ROSAT field observed by Zinnecker & Preibisch (1994) . This other PSPC image was pointed to α = 07 h 03.7 m , δ = -11 o 33' and had an exposure of 5 ksec. We have identified 43 sources in this field, five of them coinciding with the sources identified in the first field (described above). The range of X-ray luminosities in this sample is 10 30 erg s −1 to 9.8 × 10 30 erg s −1 .
A.2. X-ray luminosity compared to optical and near-IR luminosities Figure A1 shows the diagrams L X versus M Ro (dereddened absolute magnitude) of the sample, compared to the correlation of X-ray emission with the optical absolute magnitude, expected for young stars. This correlation was obtained by comparing the magnitudes to the mean X-ray luminosities (L X ) estimated for ROSAT sources detected in the Chamaeleon I (Cha I) cloud, adopting the conversion 1 cnt ks −1 = 3 × 10 28 erg s −1 (Feigelson et al. 1993 ). Taking into account that the extinction cross-section at 2 µm and at 2 keV are almost the same (e.g., Ryter 1996) , the X-ray emission was compared to the J band magnitude in order to check whether these data show the same correlation as previously found for young, low-mass stars, i.e., the log(L X ) versus M Jo diagram (Casanova et al. 1995) , which is presented in Figure A2 . The Cha I sources were also plotted for comparison: since they are much closer (d = 140 pc) than CMa R1, the same ROSAT sensitivity allows to probe fainter, lower-mass young stars.
The absolute magnitudes of the Cha I sources were estimated by adopting a distance modulus of 5.73 and were dereddened by using their visual extinctions, when available. Otherwise, A V =1mag was adopted. The Cha I correlation was established on the basis of 16 sources with well-determined magnitudes and extinctions (see Casanova et al. 1995 for details; also Lawson et al. 1996) . Figure  A1 shows the distribution of the Cha I sources and the corresponding linear regression: log(L X [erg s Both diagrams, log(L X ) vs. M Jo , and log(L X ) vs. M Ro , show that total absolute magnitudes are compatible with the X-ray luminosities typical of young stars, but tend to deviate from the Cha I correlation as the counterparts become brighter. Also, in the upper right-hand box of the diagram in Figure A1 , we zoom on the Gemini counterparts. For these sources, the Gemini points are above the correlation, indicating that other, undetected (absorbed ?) stars may also contribute to the unresolved X-ray emission. We defer a more detailed analysis of these diagrams to a later study.
Appendix B: Results of the Gemini observations
In this Appendix we show the continuation of the Figures presented in the body of the paper. Columns description: (1) Source name: CMaX 1 to 56 (field 1), CMaX 62 to 98 (field 2), CMaX 57 to 61 (both fields); (2-5) X-ray data; (6-7) Coordinates of the optical counterpart, when available. Table A3 ). Note: (a) Source number in the Chandra (C) or XMM-Newton (X) images; (b) respective J2000 coordinates. Positional deviations from the coordinates of near-IR counterparts (2MASS) are less than 2 arcsec for Chandra sources and less than 3.3 arcsec for XMM-Newton sources. 
